Abstract-The application of conventional reflector-type compact antenna test ranges (CATR's) becomes increasingly difficult above 100 GHz. The main problems are the tight surface accuracy requirements for the reflectors and, therefore, the high manufacturing costs. These problems can be overcome by the use of a hologram type of compact range in which a planar hologram structure is used as a collimating element. This idea is described and its performance is studied with theoretical analyses and measurements at 119 GHz.
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I. INTRODUCTION
A NTENNA testing of future remote sensing and radio astronomical satellites has given rise to a need for accurate measurements of electrically large reflector antennas at millimeter and submillimeter wavelengths. Previous studies have shown that a compact antenna test range (CATR) has the greatest potential for these kinds of tests [1] . A CATR is commonly realized with the use of one or more reflectors for which the surface accuracy needs to be better than about 0.01 wavelengths. As a result, tight surface-accuracy specifications at frequencies above 100 GHz are required. For example, at 200 GHz the required surface accuracy is 15 m (rms). The use of a dielectric lens has been studied as a possible alternative to overcome the problems incurred by the use of reflectors with insufficient surface accuracy [2] , [3] . Recently, a new concept employing a planar hologram structure as a collimating element to form the desired plane wave in a CATR has been introduced [4] , [5] . The hologram CATR is a low-cost easy-to-fabricate structure. The surface-accuracy requirements for an amplitude hologram are less stringent than those for a reflector. On the other hand, a high degree of flatness is easily achieved by stretching the hologram into a frame. As a result, a hologram CATR has great potential for realizing high-quality low-cost compact ranges, even at submillimeter wavelengths. This paper describes the operational concept of a hologram CATR, briefly reviews the synthesis and features of a computer-generated hologram, and compares theoretical and experimental performance of a hologram CATR at 119 GHz.
This work is a part of an international project to develop the Odin satellite, which will carry a millimeter-and submillimeter-wave radio telescope. The radio telescope uses an offset reflector antenna and a main reflector with diameter 1.1 m designed to operate with heterodyne receivers at frequency bands 119, 486-504, 541-558, 547-564, and 563-580 GHz. The antenna will be tested with a hologram CATR at 119 GHz.
II. HOLOGRAM CATR
Microwave holography has many applications. Some involve long distance; others involve small scale. The applications of microwave holography are reviewed in [6] . Microwave holograms can be used as antennas. The hologram antenna is illuminated with microwaves and the hologram diffracts to form the desired far-field pattern. However, holograms have not previously been used in CATR's to produce a desired Fresnel region field (radiating near field). We have shown by theoretical analyses and measurements that holograms are applicaple for CATR's as well. Fig. 1 illustrates a facility layout employing a hologram CATR. The feed horn transmits a spherical wave onto one side of a computer-generated amplitude hologram structure that modulates the field such that a planar wave is emanated on the other side of the structure. The antenna under test (AUT) is illuminated with this plane wave. The extent of the volume enclosing the plane wave is called the quietzone. The required field-quality of the quiet-zone is driven by the required measurement accuracy of the AUT. Typical requirements are a peak-to-peak amplitude ripple less than 1 dB and phase ripple less than 10 in the quiet-zone [1] . The hologram is placed in an opening in the wall that divides the anechoic chamber into two parts. This dividing wall also shields the AUT from direct-feed radiation.
In general, a hologram structure changes both the amplitude and phase of a field transmitted through or reflected from the structure. In practice, holograms are usually realized so that they modulate only the amplitude or the phase of the field. The resulting hologram is correspondingly referred to as either an amplitude or a phase hologram. The latter alternative is also sometimes called a kinoform [7] . A transmitting amplitude hologram, like the one used here for the compact range, can be approximated by an appropriately shaped pattern etched to a thin metal layer on a dielectric film (substrate).
The manufacturing process of an amplitude hologram is relatively inexpensive-only a few percent of the cost of a comparably sized curved reflector. manufactured with an etching process similar to that used for making printed circuits. Since the hologram is a transmissiontype device, the surface accuracy requirement is less stringent than that of a reflector. Furthermore, a highly planar surface is easy to achieve for the hologram since it is streched into a frame [8] . The disadvantages of a hologram are the fairly strong dependence on frequency and polarization. The frequency dependence of a hologram has been discussed in [4] and [9] .
III. GENERATION OF A HOLOGRAM
Generating a conventional hologram means creating an interference pattern of two wavefronts on a surface. After the hologram has been created, one of the interfering fields can be recreated by illuminating the hologram with the other interfering field. A hologram can be simply formed at optical wavelengths by illuminating a photosensitive film with two light beams, (a light reflected from an object and a reference light).
In many practical applications, in the optical and radiowave region, holograms, i.e., interference patterns are synthesized by computational methods [computer-generated hologram (CGH)]. The hologram pattern is determined by numerically calculating the structure required to change the known input field into the desired output field. Due to fabrication limitations, the structure of the hologram has to be quantized in some way. The method for accomplishing this is usually called the coding scheme of the CGH. The two most widely used schemes are the binary phase and binary amplitude quantizations in which either the phase or amplitude transmittance of the hologram is limited to two different discrete values [7] . For example, the binary amplitude hologram either lets the incoming light pass through undisturbed (transmittance 1) or blocks it completely (transmittance 0). The transmittance of a general amplitude hologram can be written as [10] , [11] (1) where are the coordinates in the hologram plane and is a real function proportional to the relation between the output and input amplitudes so that the hologram compensates the amplitude variation of the input field and adds an amplitude taper to the amplitude of the output field. The phase term is where denotes the spatial carrier frequency, which separates the diffraction orders produced by the hologram. The desired output field leaves the hologram at an angle of (2) so that the unwanted diffraction orders do not disturb the quietzone field. The normalized phase of the input field (feed horn) in the plane of the hologram is . The transmittance of the corresponding binary-amplitude coded hologram is given by (see also [7] , [10] ) (3) where The phase is modulated by the locations of the slots and the amplitude is modulated by the variations of the slot widths. The main effect of the binarization is the redistribution of energy between the various diffraction orders of the hologram. Fig. 2 shows an example of a binary amplitude hologram pattern used in the measurements described later. This pattern is derived from a known incident field, i.e., feed-horn spherical wave and a required aperture field, which radiates a plane wave to the quiet zone. The plane wave is designed to leave the hologram in an angle of 33.0 . If no taper is used, the slot edges are arcs of circles with a common center. The distances between slots and the slot widths increase toward the common center.
IV. THEORETICAL ANALYSIS OF A HOLOGRAM CATR
The field in the quiet zone is calculated by using an exact near-field aperture integration [physical optics (PO)] together with a finite-difference time-domain (FDTD) analysis. The formula for the quiet-zone field is (4) where is the distance from a point in the aperture (hologram) to a point in the quiet zone. In (4), the polarization of the feed antenna is assumed to be in the direction. For the case of polarization we must have in the brackets [3] .
The transmittance function (3) determines the binary structure of the hologram (i.e., the areas where the metal is etched off). In practice, however, the function is insufficient to describe the actual transmission through the narrow slots of the hologram because the transmission depends on the polarization and the width of the slot. in (4) is the complex field in the aperture of the hologram, which is calculated with a two-dimensional (2-D) ( plane) FDTD analysis. The FDTD prediction was performed across the hologram at a fixed value of using the complex field of the feed horn in the plane of the hologram as an excitation. In this case, is the radiation pattern of a corrugated horn. The area over which the FDTD analysis is performed in the plane is 570 3 mm (the diameter of the hologram is 550 mm). In the dimension, the structure is assumed to be infinite (Fig. 3) . Fig. 4 shows the predicted amplitude and phase of in the centermost slot of the hologram for vertical and horizontal polarizations. The slight asymmetry of the fields is a result of an offset of the slot location from the exact center of the hologram. The FDTD analysis is more thoroughly explained in [12] .
Applying the FDTD analysis incrementally across the entire hologram produces the near-field result which can be integrated (PO) over the hologram surface to produce the quiet-zone field. Analyzing a single hologram in this way would be prohibitively time consuming, taking several months of CPU time on a super computer. However, because the hologram varies slowly with respect to the coordinate, it is sufficient to perform the FDTD analysis at a given and calculate the PO integration over one line in the direction from to , and evaluate the quietzone field in the plane at the corresponding . This is validated by comparison of theoretical and experimental results.
To produce a flat amplitude and phase distribution in the quiet zone, the amplitude of the aperture field is modified with an appropriate weighting function in the term (3). The analysis was performed at and the following function was used: The first part of the weighting function tapers the amplitude toward the edge of the aperture to minimize the edge diffraction. The second (symmetric) and third (asymmetric) parts [ and ] are necessary to appropriately shape the aperture field. The constant 0.75 scales the widths of the slots. determines the widths of the slots and, finally, the 2-D FDTD analysis gives the actual aperture field to be integrated. The phase in the quiet zone can be tuned by adding an extra term to the phase term where . determines the locations of the slots and even small changes in this term have a significant effect on the phase in the quiet zone, but very little effect on the amplitude. In the case of this experimental hologram, an extra term in phase was not used. In a case of a large hologram, the analysis must be made with several values of and the weighting function becomes more complicated. Also, the phase has to be tuned by adding an appropriate extra phase term.
Designing a hologram for a near-field application is an iterative procedure, which can be summarized as follows.
1) A weighting function is selected. Function determines the widths of the slots.
2) The hologram is generated by using (3).
3) The quiet-zone field (amplitude and phase) is calculated by using (4) . If the result does not meet the requirements, return to step 1) and modify the weighting function . 4) If the phase is not flat enough, it can be tuned by adding an extra term to . After this change, go back to step 2), and continue until a satisfactory result is achieved.
V. EXPERIMENTAL ANALYSIS OF A HOLOGRAM CATR
To verify the usefulness of a hologram CATR, an experimental setup was constructed and measurements were carried out at 119 GHz. A 550-mm diameter circular hologram was fabricated on a copper-plated Kapton film using a standard etching procedure. The corrugated horn used as the feed was placed approximately 1.7 m away from the hologram and provided a 3-dB edge taper on the input side of the hologram. The structure of the hologram optimized the quiet-zone field at vertical polarization. Fig. 5 shows the setup used for measuring the quiet-zone amplitude and phase at 119 GHz. The probe antenna is moved in the quiet-zone using a 1.5 1.5 m planar scanner from Orbit Advanced Technology Co. The planarity of the scanner has been measured to be better than 20-m rms.
In Fig. 1 , the center of the quiet zone is at . The quiet-zone field was theoretically analyzed in the direction at two linear polarizations. The measurements were carried out at these polarizations over the whole quiet-zone area. 6 shows the theoretical and measured fields for vertical polarization at 119 GHz in the direction 1.5 m behind the hologram at an angle 33.0 off the normal of the hologram. The agreement between the theoretical and measured results is excellent-the theoretical amplitude ripple is 0.4 dB (peak-to-peak) and the measured ripple is 0.8 dB occurring mainly at the right end of the quiet zone. The theoretical phase ripple is less than 5 , and the measured ripple is less than 10 , excluding the slight phase tilt. The phase tilt is caused by the complex transmission coefficient of the slots (Fig. 4) , i.e., the phase is also slightly changed in the transmission, meaning that instead of 33.0 with respect to the normal of the hologram, the plane wave leaves the hologram in an angle of 32.96 . However, the shape of the quiet-zone phase was not optimized. In an optimized case, the flat-phase area would be somewhat larger and the phase ripple would be smaller. Fig. 7 shows measured result in the direction where the peak-to-peak ripples are 0.5 dB and 10 . The measured result in the direction is very good even though the hologram was designed based on the theoretical analysis in a single cut only. Fig. 8 shows the 2-D distribution of the quiet-zone field amplitude when scanned in the horizontal direction ( direction). When scanned in the vertical direction, the scanner was more stable, and the measured phase is smooth. These results show the strong polarization dependence of the hologram, due to an amplitude taper of the hologram, which is realized by making the slots of the hologram narrower toward the edge (5). To reduce the polarization sensitivity, it may be possible to use a set of small collimating reflectors in front of the hologram feed. A potential advantage of this approach is that the amplitude taper of the aperture field would be created by the feed system rather than by the slots of the hologram. This possibility will be studied further in the future.
Because the locations of the slots is determined by the phase of the incoming field, a hologram is a frequency dependent component. The useful bandwidth of a hologram CATR is case specific, i.e., it depends on the size of the hologram compared to the wavelength, the focal length of the hologram, the aperture weighting function (5) , and the feed antenna. In this case, the frequency dependence was studied with theoretical and experimental analysis. The most distinct effect of a frequency change is the change in the direction of the plane wave (2), which changes the size of the quiet zone.
Other effects are the increased amplitude and phase ripple in the quiet zone and the phase distribution in the quiet zone becoming curved instead of being flat. These effects are due to changes in the radiation pattern of the corrugated hornfeed antenna and in the transmission coefficients of the slots due to the changed wavelength. The phase curvature can be compensated with an axial feed movement, while the quietzone amplitude and phase ripple remain almost unchanged. Ultimately, the useful bandwidth depends on the requirements of the quiet-zone amplitude and phase ripple. For example, if a 1-dB peak-to-peak theoretical amplitude ripple is allowed (instead of the 0.4 dB in the "ideal" case), the useful bandwidth is about 10%.
The quiet-zone is 200 240 mm (43% of the diameter of the hologram) and the projection of the hologram (for an angle of 33 ) is 460 550 mm . The relatively small size of the quiet zone is a consequence of the amplitude taper in the aperture, which must extend over a certain number of wavelengths; in this case about 70 . An elliptic hologram for Odin telescope tests at 119 GHz (2.4 2.0 m ) has been analyzed theoretically, the diameter of the quiet zone is about 1.4 m (70% of the diameter of the hologram), and the length of the amplitude taper is about 110 . A larger hologram is capable of yielding a greater percentage of the physical area for the quiet zone than a smaller hologram. The hologram for Odin telescope testing is under fabrication at the time of this report.
VI. CONCLUSION
A hologram type of CATR has been described. This novel method utilizes a computer-generated amplitude hologram to form the desired plane wave from the feed horn spherical wave. A hologram CATR is a low-cost alternative for the conventional reflector compact range. Due to the less stringent surface-accuracy requirements, a hologram CATR constitutes an effective method for measuring electrically large millimeter-and submillimeter-wave antennas. The usefulness of this new method was shown by careful theoretical analyses and measurements at 119 GHz for a hologram of a diameter of 550 mm.
